Dietary supplementation with vitamin A is sometimes prescribed as a treatment for retinitis pigmentosa, a group of inherited retinal degenerations that cause progressive blindness. Loss-of-function mutations in the ABCA4 gene are responsible for a subset of recessive retinitis pigmentosa. Other mutant alleles of ABCA4 cause the related diseases, recessive cone-rod dystrophy, and recessive Stargardt macular degeneration. Mice with a knockout mutation in the abca4 gene massively accumulate toxic lipofuscin pigments in the retinal pigment epithelium. Treatment of these mice with fenretinide, an inhibitor of vitamin A delivery to the eye, blocks formation of these toxic pigments. Here the authors tested the hypothesis that dietary supplementation with vitamin A may accelerate lipofuscin pigment formation in abca4 Ϫ/Ϫ mice.
R etinitis pigmentosa (RP) is an inherited blinding disease caused by the degeneration of rod and cone photoreceptor cells. The prevalence of RP in the general population is approximately 1 in 4000. 1 Rods in the peripheral retina are affected first, leading to the early RP symptoms of tunnel vision and night blindness. Involvement of cones and central retinal degeneration occur later in the disease course. In a randomized clinical trial, RP patients who received oral vitamin A supplementation showed slower declines in the cone response by electroretinography (ERG) than patients who received either vitamin E or no vitamin supplementation. 2 The beneficial effect of vitamin A on the ERG in these patients was small and not accompanied by preservation of visual acuity or visual fields. Nonetheless, given the absence of treatment alternatives, many physicians prescribe supplemental vitamin A to their RP patients based on the results of this trial.
RP, which can be transmitted as an autosomal dominant, autosomal recessive, or X-linked trait, is caused by mutations in any of 45 distinct genetic loci. 3 These RP genes encode proteins that perform a wide range of cellular processes including signal transduction, regeneration of visual chromophore, protein trafficking, RNA splicing, and maintenance of photoreceptor structure. One gene affected in RP is ABCA4 (also ABCR). Mutations in ABCA4 account for approximately 3% of autosomal recessive RP. 4 Mutations in ABCA4 can also cause the related diseases, recessive cone-rod dystrophy and recessive Stargardt macular degeneration. 4 -6 The ABCA4 gene encodes an ATP-binding cassette transporter in the rims of rod and cone outer segment (OS) discs. [7] [8] [9] The Abca4 transporter appears to function as a flippase for the Schiff-base conjugate of all-transretinaldehyde (all-trans-RAL) and phosphatidylethanolamine, called N-retinylidene-phosphatidylethanolamine (N-ret-PE). 10 -13 Abca4, therefore, helps to clear all-trans-RAL released by rhodopsin and cone-opsin photopigments after light exposure. Removal of all-trans-RAL from OS discs is required for the recovery of light sensitivity after a photobleach because all-trans-RAL recombines noncovalently with apo-opsin to form a "noisy" photoproduct that activates transducin. 14, 15 Consistent with these observations, Stargardt patients and abca4 Ϫ/Ϫ mice exhibit delayed recovery of rod sensitivity after exposure to light (delayed dark adaptation). 10, 16 A feature of ABCA4-mediated retinal and macular dystrophies is the accumulation of autofluorescent lipofuscin pigments in cells of the retinal pigment epithelium (RPE). 17, 18 This accumulation is responsible for the characteristic dark choroid seen in Stargardt patients during fluorescein angiography. 19 A major fluorophore of lipofuscin is the bis-retinoid pyridinium salt A2E.
20 A2E has been shown to be cytotoxic in multiple studies. For example, A2E sensitizes RPE cells to blue-light damage, [21] [22] [23] impairs the degradation of phospholipids in phagocytosed OS fragments, 24 induces the release of proapoptotic proteins from mitochondria, 25, 26 and destabilizes cellular membranes through its properties as a cationic detergent. [27] [28] [29] A2E is oxidized in vivo by singlet oxygen in the presence of light to yield a series of oxiranes or epoxides. 30, 31 From the Departments of 1 Ophthalmology, 2 Neurobiology, and 4 Biological Chemistry, and theA2E epoxides were shown to induce DNA fragmentation by forming adducts with purines and pyrimidines in cultured ARPE-19 cells, 32 representing still another mechanism of A2E cytotoxicity. Degeneration of photoreceptors in the ABCA4-mediated retinal and macular dystrophies probably begins with A2E poisoning of the RPE.
Given that all-trans-RAL is a primary reactant in the biogenesis of A2E, we previously tested the therapeutic strategy of slowing rhodopsin regeneration to reduce light-dependent formation of all-trans-RAL and thereby inhibit A2E formation. First, we used the visual-cycle inhibitor 13-cis-retinoic acid (Accutane; Roche, Indianapolis, IN). [33] [34] [35] Treatment of abca4 Ϫ/Ϫ mice with 13-cis-retinoic acid (Accutane; Roche) reduced the levels of N-ret-PE and blocked the accumulation of A2E and other lipofuscin pigments in the RPE. 31, 36 A second strategy involved the use of fenretinide (4-hydroxyphenylretinamide). Fenretinide displaces all-trans-ROL from retinol-binding protein (RBP) in blood. 37 This causes mild vitamin A deficiency in the eye because the eye is critically dependent on RBP for the delivery of vitamin A. 38 Treatment of abca4
mice with fenretinide also potently blocked the accumulation of lipofuscin fluorophores in the RPE. 39 These results suggest that fenretinide may slow lipofuscin accumulation and, hence, photoreceptor degeneration in human ABCA4-mediated retinal dystrophies.
Given that an ocular deficiency of vitamin A was protective against lipofuscin accumulation in an animal model of ABCA4-mediated retinal dystrophy, it seemed possible that vitamin A supplementation could accelerate lipofuscin-accumulation in RP patients with ABCA4 mutations. To test this possibility, we fed wild-type and abca4 Ϫ/Ϫ mice a diet supplemented with vitamin A for several months and then measured levels of the lipofuscin fluorophores in their eyes. We observed significantly elevated levels of A2E and A2E precursors in mice receiving supplemental vitamin A.
MATERIALS AND METHODS

Mice
Pigmented 129/Sv and albino BALB/c mouse strains on wild-type and abca4 Ϫ/Ϫ genetic backgrounds were raised in cages under 12 hours of cyclic light (20 -50 lux). Mice were fed a standard rodent diet containing 24,500 IU/kg vitamin A (NIH-31, 7013; Harlan Teklad, Madison, WI) or an otherwise identical diet containing 120,000 IU/kg vitamin A (Harlan Teklad). The vitamin A was provided as all-trans-retinyl palmitate (all-trans-RP), similar to vitamin A supplements in humans. Mice were started on the vitamin A-supplemented diet at 2 months of age. All mice studied were homozygous for the wild-type (Leu450) allele of the rpe65 gene. Work on mice was conducted in adherence to the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research.
Preparation of Eyecups
Mice were dark adapted overnight, and all tissue manipulations were performed under dim red light (Wratten 1A filter; Eastman Kodak, Rochester, NY). After euthanatization, eyeballs were removed and hemisected. The anterior portion containing the cornea, lens, and vitreous was discarded. Eyecups, containing retina, RPE, choroid, and sclera, were frozen in liquid N 2 and stored at Ϫ80°C for further processing.
Analysis of Retinoids
Single eyecups were homogenized in 1 mL phosphate-buffered saline (PBS), pH 7.2, containing 200 mM hydroxylamine. One milliliter ethanol and 3 mL hexane were added, and samples were vortexed and centrifuged at 3000g for 5 minutes. The organic phase was collected, dried under a stream of argon gas, and redissolved in 100 L hexane. Extracts were analyzed by normal-phase, high-performance liquid chromatography (HPLC) on a silica column (Zorbax-Sil 5 m, 250 ϫ 4.6 mm; Agilent Technologies, Wilmington, DE) using gradient elution (0.2%-10% dioxane in hexane) at a flow rate of 2 mL/min. The HPLC system was a liquid chromatograph (model 1100; Agilent) equipped with a photodiode-array detector. The identity of each retinoid peak was confirmed by online spectral analysis and by coelution with an authentic standard. Data were reported in picomoles per eye.
Analysis of Lipofuscin Fluorophores by Normal-Phase Liquid Chromatography
Single eyecups were homogenized in 1 mL PBS. Four milliliters chloroform/methanol (2:1, vol/vol) was added, and the samples were extracted with the addition of 4 mL chloroform and 3 mL dH 2 O, followed by centrifugation at 1000g for 10 minutes. Extraction was repeated with the addition of 4 mL chloroform. Organic phases were pooled, dried under a stream of argon, and redissolved in 100 L 2-propanol. A2E and A2E precursors were analyzed by normal-phase HPLC with the same column and chromatograph used for retinoid analysis. The mobile phase was hexane/2-propanol/ethanol/25 mM potassium phosphate/glacial acetic acid (485:376:100:45:0.275 vol/ vol) and was filtered before use. The flow rate was 1 mL/min. Column and solvent temperatures were maintained at 35°C. Absorption units at 435 nm were converted to picomoles using a calibration curve with an authentic A2E standard and the published molar extinction coefficient for A2E.
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Identification of the 500-nm Absorbing Peak by Electrospray-Ionization Mass Spectrometry
Fifty eyecups from 3-to 6-month-old abca4 Ϫ/Ϫ mice were homogenized in 1 mL PBS and were analyzed by normal-phase chromatography, as described. We collected the 500-nm absorbing peak fraction that eluted at 9.3 to 9.7 minutes in approximately 400 L. For reversephase chromatography, 20 L of this fraction was evaporated to dryness under a stream of nitrogen and redissolved in 10 L methanol. A portion of this sample (0.25 L) was separated on a capillary liquid chromatography system (model1100; Agilent) equipped with a column (250 ϫ 0.5 mm, five m; Zorbax 300SB-C18; Agilent). An isocratic solvent system of 71:5:5 (vol/vol) methanol/hexane/0.1% ammonium acetate was applied. The flow rate was 10 L/min. The elution profile was monitored by a diode-array detector coupled with an ion-trap mass spectrometer (LCQ Deca XP; Thermo Electron, Waltham, MA) in positive-ion mode using nitrogen as the sheath gas. The capillary temperature was 225°C, the electrospray voltage was 5.0 KeV, and the capillary voltage was 16 V. Three scan events were used, as follows: 400 to 1600 m/z full-scan mass spectrometry (MS); data-dependent full-scan MS/MS on the most intense ion in the full-scan spectrum; and data-dependent full-scan MS3 on the most intense ion from the MS/MS full scan. The MS/MS collision energy was set to 40 V. When an m/z ratio for an ion was selected for a data-dependent scan, it was placed on a list and dynamically excluded from further fragmentation for 1 minute.
Spectral Analysis of the 500-nm Absorbing Peak during Base Titration
Two hundred microliters of the normal-phase 500-nm peak fraction was evaporated to dryness under a stream of argon and redissolved in 200 L acetonitrile/water (75:25), transferred to a quartz cuvette, and analyzed in a spectrophotometer (UV-2400PC; Shimadzu, Kyoto, Japan). UV-visible spectra were acquired initially and after sequential addition of 1-L samples of 10 mN NaOH. After each addition, the sample was mixed by trituration, and the spectrum was obtained after 5-minute incubation at room temperature. 
Analysis of Retinoids in Liver
After euthanatization, mouse livers were removed, and 20 to 50 mg wet tissue was homogenized in 1 mL PBS containing 0.1% SDS. One milliliter ethanol was added, and retinoids were extracted twice with 2 mL hexane and analyzed by normal-phase HPLC as described. Data were reported as micromoles of each retinoid per gram wet weight of liver.
Analysis of Serum Retinol
Blood was collected in capillary blood collection tubes (CapiJect; Terumo Medical, Elkton, MD) from the facial veins of mice. Serum was obtained by centrifuging the clotted blood at 1200g for 10 minutes. Retinol was extracted from the serum by the addition of 500 L PBS containing 0.1% SDS, 500 L ethanol, and 2 mL hexane. The organic phase was collected and processed as described. Data were normalized to the volume of serum and reported as picomoles per microliter.
Confocal Microscopy
Mice were euthanatized under anesthesia, their eyes were removed, anterior segments were dissected away, and eyecups were fixed overnight at 4°C in 0.1% PBS and 4% paraformaldehyde. Eyecups were infiltrated with 10% sucrose in PBS for 1 hour and 20% sucrose in PBS for 2 hours and then embedded in OCT compound (Sakura, Torrance, CA). Ten-micrometer cryostat sections were cut and mounted on slides (Superfrost Plus; Erie Scientific, Portsmouth, NH). Sections were warmed to room temperature, and coverslips were mounted with 5% n-propyl gallate in 100% glycerol mounting medium. Images of the mouse retina sections were captured with a confocal microscope (LSM 510; Carl Zeiss, Oberkochen, Germany) under a 63ϫ oil objective using an excitation wavelength of 488 nm and an emission wavelength of 505 to 530 nm.
Light and Electron Microscopy
Mice were euthanatized under anesthesia and fixed by vascular perfusion with 2% formaldehyde and 2.5% glutaraldehyde in 0.2 M sodium phosphate buffer, pH 7.2. Eyecups were divided into nasal and temporal hemispheres and fixed additionally in 1% osmium tetroxide with 0.2 M sodium phosphate, then dehydrated in a graded series of alcohols. Temporal hemispheres were embedded in an epon/araldite mixture (5 parts/3 parts) for light microscopy. Nasal hemispheres were cut into quadrants and embedded (Araldite 502; Ted Pella, Redding, CA) for electron microscopy. Sections for light microscopy were cut at 1 m and stained with 1% toluidine blue and 1% sodium borate. These sections were photographed with a light microscope under a 40ϫ oil objective (Axioplan; Carl Zeiss Meditec, Dublin, CA) equipped with a digital camera (CoolSNAP; Roper Scientific, Duluth, GA). All light micrographic images were obtained from temporal hemisphere sections of the retina at a distance of a single 40ϫ field inferior to the optic nerve. Ultrathin sections for electron microscopy were cut on an ultramicrotome (Ultracut; Leica, Wetzlar, Germany). The sections were collected on 200-mesh copper grids and stained with uranium and lead salts before viewing with an electron microscope (910; Carl Zeiss). Electron microscopic images were acquired from sections of the inferior nasal quadrant.
Quantitation of Lipofuscin Pigment Granules
Ten fields of RPE cells from each group of mice were photographed at a constant magnification using a digital camera (KeenView; Olympus, Tokyo, Japan). The total lipofuscin area was compared with the total pigment epithelium cytoplasm area from each field. Each field was considered as n ϭ 1. SPSS software (Analysis; SPSS, Chicago, IL) was used to outline the specific areas of interest. Results were presented as mean Ϯ SD, and statistical analysis was performed using the Student's t-test.
Electroretinography
After overnight dark adaptation, mice were anesthetized by intraperitoneal injection of ketamine (150 mg/kg body weight) and xylazine (3.0 mg/kg body weight). ERGs were recorded from the corneal surface of the right eye after pupil dilation (with 1 drop of 1% atropine sulfate) using a gold loop corneal electrode with mouth-reference and tail-ground electrodes, as previously described. 41 One drop of methylcellulose (2.5%), placed on the corneal surface, ensured electrical contact and corneal integrity. Responses were amplified (CP511 AC amplifier, 10,000ϫ; 3 dB down at 2 and 10,000 Hz; Grass Instruments, Quincy, MA) and digitized on a personal computer using an I/O board (PCI-1200; National Instruments, Austin, TX). Signal processing was performed with custom software (LabWindows/CVI; National Instruments). Mouse body temperature was maintained at 38°C with a heated water pad. All stimuli were presented in a large Ganzfeld dome (LKC Technologies, Gaithersburg, MD).
Dark-adapted ERGs were recorded to blue (Wratten 47A or 47B; Eastman Kodak) light flashes up to a maximum intensity of 1.51 log cd ⅐ s/m 2 measured at the corneal surface. At the highest intensities, the rod-mediated a-wave of the ERG was clearly saturated. The leading edge of the a-wave was fitted with a computational model to provide estimates of photoreceptor activity. 42, 43 The model generated estimates for S, a sensitivity (or gain) parameter, and Rm P3 , the maximum saturated photoreceptor photovoltage. Peak-to-peak amplitudes measured from responses over the range Ϫ3.64 to 0.7 log cd ⅐ s/m 2 were fitted with a Naka-Rushton function to derive estimates for V max , the b-wave-saturated amplitude, and k, response sensitivity. The kinetics of rod photoreceptor recovery from a photobleach was studied by exposing mice to 1000 lux white light for 1 minute in a Ganzfeld dome, 41 which bleached approximately 60% of the rhodopsin. After the mouse was returned to darkness, the time course of rod recovery was examined by monitoring the growth of the rod ERG b-wave to a dim blue probe-flash (Ϫ0.54 log cd ⅐ s/m 2 ). ERGs were recorded at 1-minute intervals for 30 minutes. Flash sequence and presentation frequency were controlled by computer. Finally, cone-mediated responses were recorded to white flashes (Ϫ0.58 to 0.638 log cd ⅐ s/m 2 ) after 10 minutes of adaptation to a rod-saturating background (32 cd/m 2 ).
RESULTS
Retinoid Levels in Control and Vitamin A-Supplemented Mice
Serum levels of all-trans-ROL were similar in abca4 Ϫ/Ϫ mice fed the normal and vitamin A-supplemented diets for the first 3 months (Fig. 1A) . After 4 months, vitamin A-supplemented mice had higher levels of serum all-trans-ROL. Hepatic alltrans-RE accumulated more rapidly in abca4 Ϫ/Ϫ mice receiving supplemental vitamin A (Fig. 1B) . Levels of all-trans-RE in abca4 Ϫ/Ϫ eyecups also increased dramatically with vitamin A supplementation (Fig. 1C) . In contrast, we observed no difference in the levels of 11-cis-retinaldehyde (11-cis-RAL) visual chromophore (Fig. 1D) . Representative chromatograms of retinoids from control and vitamin A-supplemented mouse eyecups are shown in Figures 1E and 1F . We observed similar effects on the levels of retinoids in wild-type mice receiving vitamin A supplementation (not shown).
Identification of A2PE-H 2 in Eyecup Homogenates from abca4
Ϫ/Ϫ Mice A2E, the major fluorophore of lipofuscin in RPE cells, 20 is elevated approximately 20-fold in abca4 Ϫ/Ϫ versus wild-type mice 10 ( Fig. 2A) . The wavelength of maximal absorbance ( max ) for A2E is 434 nm 20 ( Fig. 2A, inset) . A second constituent of lipofuscin, with a max of approximately 500 nm, is 32-fold elevated in abca4 Ϫ/Ϫ versus wild-type eyecups 11 ( Fig. 
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2B). We tentatively identified the molecule responsible for this 500-nm absorption as the A2E-precursor, A2PE-H 2 . 11,44 Alternatively, it has been suggested that the major 500-nm absorbing species in abca4 Ϫ/Ϫ mouse eyes is the protonated Schiffbase conjugate of all-trans-RAL-dimer with ethanolamine or a phosphatidylethanolamine, 45 or di-hydro-A2E (A2E-H 2 ), 46 which lacks the phosphatidic acid moiety of A2PE-H 2 . To distinguish between these possibilities, we collected the 9.5-minute, 500-nm peak fraction during normal-phase liquid chromatography of abca4 Ϫ/Ϫ eyecup extracts (Fig. 2B ) and submitted it to reverse phase chromatography and electrosprayionization (ESI)-MS. The 500-nm absorbing material eluted in a major peak between 16.5 and 19.5 minutes (Fig. 2C) . The 10-nm difference in max of the 500-nm absorbing peak between normal-and reverse-phase chromatography (Figs. 2B, 2C, insets) is a solvent effect of the two mobile phases. ESI-MS analysis showed that this 500-nm peak coeluted with a dominant, singly charged ion of m/z 1014.81 (Figs. 2D, 2E ). The mass of this major ion within the 500-nm peak fraction corresponded to the mass of mono-stearoyl-A2PE-H 2 (1014.73 amu) (Fig. 2G) and the mono-stearyl-phosphatidylethanolamine Schiff-base of all-trans-RAL-dimer, but not to A2E-H 2 (594.5 amu). Collision-induced fragmentation of this parent ion yielded no additional structural information. To distinguish between A2PE-H 2 and all-trans-RAL-dimer protonated Schiffbase, we performed UV-spectral analysis during NaOH-titration of the 9.5-minute normal-phase peak fraction (Fig. 2B) . If a protonated Schiff-base were responsible for the 500-nm absorption, the addition of NaOH in molar excess would deprotonate it, causing a significant hypsochromic shift in the spectrum. We observed no detectable reduction of 500-nm absorbance during base titration (Fig. 2F ) despite the addition of an estimated 20-fold molar excess of NaOH. These results suggest that the 500-nm absorbing compound, which is dramatically elevated in abca4 Ϫ/Ϫ eyecups (Fig. 2B ) and postmortem RPE samples from patients with Stargardt disease, 11 is mono-stearyl A2PE-H 2 or its open-ring precursor, mono-stearyl-PE-bis-all-trans-RAL Schiff-base (Fig. 2G) .
Increased Lipofuscin Fluorophores in Mice Receiving Supplemental Vitamin A
We measured levels of A2PE-H 2 and A2E in eyecup extracts from abca4 Ϫ/Ϫ mice fed control and vitamin A-supplemented diets. In mice from both groups, the levels of these compounds increased with advancing age (Figs. 3A, 3B ). In fact, we observed significantly higher levels of A2PE-H 2 and A2E in mice receiving the vitamin A-supplemented diet at several ages (Figs. 3A, 3B) .
To confirm these results, we analyzed the content of lipofuscin pigments in the RPE of control-fed and vitamin A-supplemented albino mice by two approaches. Laser confocal microscopy of retina sections showed higher autofluorescence in the RPE from abca4 Ϫ/Ϫ compared with wild-type (BALB/c) mice fed a normal diet (Figs. 4A, 4B) . Autofluorescence in the RPE comes mainly from lipofuscin. 47 Autofluorescence was (Fig.  4C) , consistent with the higher A2E in these animals (Fig. 3B) . Electron microscopic analysis of retinal sections from the fellow eye showed more lipofuscin pigment granules in abca4 Ϫ/Ϫ than in wild-type (Figs. 4D, 4E ) RPE from mice fed the control diet and still more granules in RPE from abca4 Ϫ/Ϫ mice fed the vitamin A-supplemented diet (Fig. 4F) . To quantify these lipofuscin pigments, we measured the areas within RPE cells occupied with pigment granules divided by the total cytoplasmic areas. The determined fractional areas of lipofuscin granules in the RPE are shown below each electron micrograph in Figures 4D, 4E , and 4F.
We also measured levels of A2PE-H 2 and A2E in 6-month-old wild-type mice (strain 129/Sv) after 4 months of vitamin A supplementation. Although the absolute levels were lower in wild-type than in abca4 Ϫ/Ϫ mice, we observed higher levels of 
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Histologic Analysis
Previously, we observed no significant photoreceptor degeneration in 6-month-old pigmented abca4 Ϫ/Ϫ mice. 48 In the present study, we examined retinas from 11-month-old albino wild-type and abca4 Ϫ/Ϫ mice by light microscopy. Retinas from wild-type albino mice fed the control diet contained 10 to 11 rows of nuclei in the outer nuclear layer (ONL; Fig. 6A ). In contrast, retinas from abca4 Ϫ/Ϫ mice fed both diets contained six to seven rows (Figs. 6B, 6C ). The OS layer was also thinner in albino abcr Ϫ/Ϫ than in wild-type (Fig. 6 ) mice. Therefore, by 11 months, photoreceptors were approximately 40% degenerate with OS shortening in albino abca4 Ϫ/Ϫ mice irrespective of diet.
Electroretinographic Analysis of Control-Fed and Vitamin A-Supplemented Pigmented
We performed ERG analysis on age-matched wild-type and abca4 Ϫ/Ϫ mice fed the control and vitamin A-supplemented diets. No significant differences were observed in rod-mediated a-wave parameters (S and Rm P3 ) or b-wave parameters (V max and k) among these four sets of mice (not shown). Similarly, we observed no significant differences attributable to diet among cone-mediated b-wave amplitudes in wild-type (Fig. 7A) or abca4 Ϫ/Ϫ (Fig. 7B) mice. We did observe a trend toward faster recovery of rod sensitivity after a photobleach at the later time points in vitamin A-fed mice (Fig. 7C) . However, at most times during recovery, this trend did not reach statistical significance.
DISCUSSION
The prescribed dose of vitamin A for RP patients is 15,000 IU/d all-trans-RP, 2 five times the reference dose of 3000 IU/d for adult humans. 49 To duplicate this degree of supplementation in mice, we prepared a rodent diet containing 120,000 IU/kg all-trans-RP, five times the reference content of 24,000 IU/kg in the standard rodent diet. 50 Although serum levels of all-trans-ROL increased only modestly in vitamin A-supplemented mice (Fig. 1A) , all-trans-RE in the liver (Fig. 1B) and eyecups (Fig.  1C) was significantly elevated. Levels of 11-cis-RAL, however, did not change (Fig. 1D) . Nearly all the 11-cis-RAL in a darkadapted vertebrate eye is bound to rhodopsin. Nonexpansion of the 11-cis-RAL pool despite higher total retinoids suggested that dietary supplementation did not increase the content of rhodopsin in the mice.
Mice and humans with loss-of-function mutations in the ABCA4 gene undergo dramatic elevations of a 500-nm absorbing molecular species. 11 The identity of this species has been controversial. We originally suggested that it represents a phospholipid dihydro-precursor of A2E (A2PE-H 2 ).
11,44 Conversion of A2PE-H 2 to A2E involves hydrolysis of the phospholipid to yield dihydro-A2E (A2E-H 2 ) and subsequent oxidation to yield A2E. Consistently, incubation of the 500-nm peak fraction from abca4 Ϫ/Ϫ RPE under mildly acidic and oxidizing conditions resulted in the spontaneous formation of A2E. 11 However, two other 500-nm-absorbing compounds have been identified in abca4 Ϫ/Ϫ mouse eyes, A2E-H 2 46 and all-trans-RAL-dimer protonated Schiff-base. 45, 51 To determine the dominant 500-nmabsorbing species in abca4 Ϫ/Ϫ eyecups, we used ESI-MS to analyze the 500-nm peak fraction after normal-phase chromatography. We observed a striking overlap between the reversephase elution profiles of the 500-nm-absorbing species and a positive ion of 1014.81 m/z (Figs. 2C, 2D ). This ion was virtually homogeneous during the elution period of 16.37 to 19.36 minutes (Fig. 2E) . It is, therefore, likely that this 1014.81-m/z ion was identical with, or a derivative of, the dominant 500-nm absorbing species in abca4 Ϫ/Ϫ and Stargardt eyes. The mass of this ion (1014.81) corresponded to the molecular mass of mono-stearoyl-A2PE-H 2 (1014.73) or the mono-stearyl-phosphatidylethanolamine Schiff base of all-trans-RAL dimer but not to that of A2E-H 2 (594.5).
To distinguish between A2PE-H 2 and all-trans-RAL dimerprotonated Schiff base as the source of 500-nm absorption, we acquired UV-visible spectra during titration with the base. We observed no change in the absorption spectrum despite the addition of NaOH in approximately 20-fold molar excess. If the 500-nm absorption were caused by the presence of a protonated Schiff base of all-trans-RAL dimer, the spectrum would have changed with the disappearance of 500-nm absorbance and the appearance of new absorbance centered at 432 nm. 51 These results exclude all-trans-RAL dimer as the major 500-nm-absorbing species that accumulates in abca4 Ϫ/Ϫ and Stargardt eyes. A2PE-H 2 forms by electrocyclization after condensation of N-ret-PE with all-trans-RAL to yield the mono-stearylphosphatidylethanolamine-bis-all-trans-RAL Schiff base (Fig.  2G ). This electrocyclization is reversible; hence, both the closed-and the open-ring structures are likely present in ocular tissues. The open-ring isomer may be the major form in vivo because the electrocyclization reaction is probably slower than oxidation of A2PE-H 2 to A2PE. In addition, the open-ring isomer contains a longer resonance structure than A2PE-H 2 , more consistent with a max of 500 nm. It is unclear whether A2PE-H 2 was present in vivo as a monoacylated species or whether one of the two fatty-acyl chains was lost during tissue processing.
Dietary supplementation with vitamin A significantly increased the content of A2E and A2PE-H 2 after 2 months of treatment (Figs. 3A, 3B) . We also consistently observed increased lipofuscin pigments in the RPE of vitamin A-supplemented compared with control-fed abca4 Ϫ/Ϫ mice (Figs. 4B, 4C, 4E, 4F). A possible explanation for these increased lipofuscin fluorophores is that vitamin A-supplemented mice regenerate visual chromophore at a faster rate because of the increased all-trans-RE (Fig. 1C) , which is a substrate for the isomerase. This effect would only come into play at high intensities of light, when the rate of photoisomerization exceeds the maximum turnover of the visual cycle. Supplemen- We also observed higher levels of A2PE-H 2 and A2E in wild-type mice on the vitamin A-supplemented diet, though the absolute levels of these pigments were lower than in abca4 Ϫ/Ϫ mice (Fig. 5) . These results show that the effects of vitamin A supplementation on lipofuscin fluorophores are independent of the genotype at ABCA4. Given the low levels of these fluorophores in vitamin A-supplemented wild-type mice, it is unlikely that 15,000 IU/d vitamin A would have deleterious effects in healthy humans. The accumulation of lipofuscin pigments in the RPE is not limited to diseases caused by mutations in the ABCA4 gene. Increased fundus autofluorescence by scanning laser ophthalmoscopy is commonly seen in patients with age-related macular degeneration. [53] [54] [55] This autofluorescent material has spectral properties similar to those of A2PE-H 2 in abca4 Ϫ/Ϫ mice. 11, 56 Strong fundus autofluorescence is also seen in patients with Best vitelliform macular dystrophy and a subset of patients with cone-rod dystrophy. 57 Vitamin A supplementation in these and other retinal or macular dystrophies associated with lipofuscin accumulation would likely accelerate the formation of lipofuscin pigments.
The randomized clinical trial of vitamin A supplementation published by Berson et al. 2 studied RP patients without regard to genetic etiologies that were unknown at the time. Visual function, determined by ERG analysis, was not significantly different in pigmented wild-type or abca4 Ϫ/Ϫ mice receiving the vitamin A-supplemented diet compared with the control diet (Figs. 7A, 7B ). Vitamin A supplementation increases alltrans-RE in the RPE (Fig. 1C) , substrates for the retinoid isomerase (Rpe65) that regenerates visual chromophore. 58 Faster regeneration of visual chromophore after light exposure may explain the trend toward faster recovery of rod sensitivity (Fig. 7C) . The ERG benefit observed in RP patients receiving supplemental vitamin A might have resulted from this faster regeneration of visual chromophore rather than from a slowing of photoreceptor degeneration, as originally suggested. 2 
Albino abca4
Ϫ/Ϫ mice lost approximately 40% of photoreceptors by 11 months (Fig. 6) . In contrast, pigmented abca4 Ϫ/Ϫ mice showed no photoreceptor degeneration (Radu RA, Bok D, unpublished observations, 2008). We also observed significant thinning of the OS layer in albino abcr Ϫ/Ϫ mice (Fig.  6) . Previously, we showed that albino abca4 Ϫ/Ϫ mice have higher A2E-oxirane levels than pigmented abca4 Ϫ/Ϫ mice of similar ages and light-exposure histories. 31 Faster photoreceptor degeneration in albino abca4 Ϫ/Ϫ mice may be attributed to the toxic effects of A2E oxiranes in the RPE. 32 However, the rates of photoreceptor degeneration in control-fed and vitamin A-supplemented abca4 Ϫ/Ϫ mice were similar (Figs. 6B, 6C ). Does this imply that accelerated lipofuscin accumulation is benign? Probably not. Humans with ABCA4 mutations undergo photoreceptor degeneration despite the absence of photoreceptor degeneration in pigmented abca4 Ϫ/Ϫ mice. A likely explanation is the large difference in the time frames of disease progression. Mice were studied over a period of months; in humans, RP develops over decades. Given the established cytotoxicity of A2E, [21] [22] [23] [24] [25] [26] [27] [28] [29] increasing the burden of A2E in RPE cells is likely to hasten photoreceptor degeneration.
In summary, excess dietary vitamin A promotes the accumulation of toxic lipofuscin fluorophores such as A2E in the RPE. A2E accumulation is critical to the pathogenesis in several retinal and macular diseases, including those caused by ABCA4 mutations. Based on previous studies with abca4 Ϫ/Ϫ mice, 31, 36, 39 progression of these diseases may be slowed by treatment with visual cycle inhibitors or vitamin A antagonists. The results presented here suggest that RP patients should be screened genetically to rule out mutations in the ABCA4 gene before vitamin A supplements are prescribed.
